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ABSTRACT
Ultra-hot Jupiters offer interesting prospects for expanding our theories on dynamical evolution and the properties
of extremely irradiated atmospheres. In this context, we present the analysis of new optical spectroscopy for the
transiting ultra-hot Jupiter WASP-121b. We first refine the orbital properties of WASP-121b, which is on a nearly
polar (obliquity ψNorth=88.1±0.25◦ or ψSouth=91.11±0.20◦) orbit, and exclude a high differential rotation for its fast-
rotating (P<1.13 days), highly inclined (iNorth? =8.1
+3.0
−2.6
◦
or iSouth? =171.9
+2.5
−3.4
◦
) star. We then present a new method that
exploits the reloaded Rossiter-McLaughlin technique to separate the contribution of the planetary atmosphere and of
the spectrum of the stellar surface along the transit chord. Its application to HARPS transit spectroscopy of WASP-
121b reveals the absorption signature from metals, likely atomic iron, in the planet atmospheric limb. The width of the
signal (14.3±1.2 km s−1) can be explained by the rotation of the tidally locked planet. Its blueshift (-5.2±0.5 km s−1)
could trace strong winds from the dayside to the nightside, or the anisotropic expansion of the planetary thermosphere.
1. Introduction
Ultra-hot Jupiters allow us to advance our understanding
of planetary migration and orbital stability (Delrez et al.
2016), and they offer great prospects for atmospheric char-
acterization (Parmentier et al. 2018). Their high tempera-
ture (typically higher than about 2000 K) simplifies the at-
mospheric chemistry by dissociating molecular species into
their atomic constituents (Lothringer et al. 2018). Multiple
atoms and ions could thus be detected in the atmospheric
limb of ultra-hot Jupiters using high-resolution transmis-
sion spectroscopy (e.g., Hoeijmakers et al. 2018, 2019 for
Send offprint requests to: V.B. (e-mail:
vincent.bourrier@unige.ch)
? Based on observations made at ESO 3.6 m telescope (La
Silla, Chile) under ESO programme 100.C-0750. The custom
CCF mask built for WASP-121, as well as the EulerCam
lightcurves, are available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.u-
strasbg.fr/viz-bin/qcat?J/A+A/
the prototypical ultra-hot Jupiter KELT-9b). These plan-
ets are also interesting candidates for probing evaporation
and the effect of photo-ionization on the upper atmospheric
structure. Their extreme irradiation by the host star causes
the hydrodynamical expansion of their upper atmosphere,
allowing metals to escape and be detected in the near-
ultraviolet after they are ionized in the exosphere (Fossati
et al. 2010, Haswell et al. 2012, Sing et al. 2019).
Interestingly, several ultra-hot Jupiters were found on
highly misaligned orbits (e.g. WASP-12b, Albrecht et al.
2012; WASP-33b, Collier Cameron et al. 2010; WASP-
121b, Delrez et al. 2016), suggesting dynamical migration
processes induced by gravitational interactions with com-
panions, rather than disk migration (e.g. Nagasawa et al.
2008, Fabrycky & Tremaine 2007, Guillochon et al. 2011).
At such close distances to their stars, ultra-hot Jupiters are
subjected to strong tidal interactions that determine their
final orbital evolution. Precisely measuring the orbital
architecture of ultra-hot Jupiters and monitoring its evo-
lution is thus of particular importance to determine their
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migration history and their potential decay into the star.
The occultation of a rotating star by a transiting planet
removes the light of the hidden photosphere from the
observed stellar lines (the so-called Rossiter-McLaughlin
effect, or RM effect, Holt 1893; Rossiter 1924; McLaughlin
1924). Different techniques have been developed to analyze
the radial velocity (RV) anomaly induced by the distortion
of the stellar absorption lines (e.g., Ohta et al. 2005,
Gime´nez 2006, Hirano et al. 2011, Boue´ et al. 2013),
to model their profile while accounting for the planet
occultation (e.g., Collier Cameron et al. 2010, Gandolfi
et al. 2012, Crouzet et al. 2017), or to isolate the local
stellar lines from the planet-occulted regions (e.g., Cegla
et al. 2016a, Bourrier et al. 2018). These techniques enable
deducing the trajectory of the planet across the stellar
disk, and thus inferring the projected or true 3D alignment
between the spins of the planetary orbit and the stellar
rotation.
The ultra-hot Jupiter WASP-121b (Delrez et al. 2016)
is a good candidate for both atmospheric and orbital ar-
chitecture studies (Table 2). This super-inflated gas giant
transits a bright F6-type star (V = 10.4), favoring optical
transmission spectroscopy measurements. Its near-polar or-
bit at the edge of the Roche limit (P = 1.27 days) makes
WASP-121b subject to strong tidal interactions with the
star (Delrez et al. 2016) and an intense atmospheric es-
cape. The increase in transit depth of WASP-121b toward
near-UV wavelengths (Evans et al. 2018, Salz et al. 2019)
was recently shown to arise from iron and magnesium atoms
that escape into the exosphere (Sing et al. 2019), which con-
firms the hydrodynamical evaporation of WASP-121b and
opens new avenues to link the structure and composition
of the lower and upper atmosphere.
In the present study we investigate the atmosphere of
WASP-121b, and refine the properties of its planetary sys-
tem. In Sect. 2, we reanalyze long-term RV and activity in-
dexes of the system. Sect. 3 exploits transit spectroscopy of
WASP-121b obtained with the High Accuracy Radial veloc-
ity Planet Searcher (HARPS), combined with simultaneous
EulerCam photometry, to analyze the orbital architecture
of WASP-121b and its star. In Sect. 4 we characterize the
atmospheric structure of the planet at the limb, using a new
method to isolate the signal of the planetary atmosphere
from the occulted stellar lines. We conclude the study in
Sect. 5.
2. Radial velocity monitoring of WASP-121
2.1. Planet-induced motion
We analyzed RV data points of WASP-121 obtained with
the Coralie (Baranne et al. 1996, Queloz et al. 2000)
and HARPS (Mayor et al. 2003) spectrographs to revise
the semi-amplitude of the stellar reflex motion and the
mass of WASP-121b (the complete RV dataset is shown
in Fig. A.2). RV data were analyzed with the Data and
Analysis Center for Exoplanets web platform (DACE1). We
excluded datapoints obtained during four planet transits
(one observed with Coralie, the other three with HARPS)
and binned the remaining data in time by 0.25 day sepa-
rately for each instrument (to mitigate short-term stellar
1 https://dace.unige.ch
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Fig. 1. Radial velocities of WASP-121b, phase-folded with
the orbital period and detrended from stellar activity.
Coralie data points have been obtained before (red) and af-
ter (blue) the fiber upgrade (Se´gransan et al. 2010). HARPS
datapoints are shown in gold. Our best-fit Keplerian model
to the out-of-transit data is shown as a solid black line (dat-
apoints obtained in the frame of transit observations were
binned, see text). The first and fourth transit contacts are
indicated by dash-dotted vertical black lines.
signals and to avoid favorring HARPS datapoints). The
processed data (Fig. 1) were fit with the Keplerian model
described in Delisle et al. (2016). It was combined with the
activity detrending described in Delisle et al. (2018), which
adds a term that is linearly correlated with the bisector
of the cross-correlation functions (CCFs). The model
was fit to the data using a Markov chain Monte Carlo
(MCMC) algorithm (Dı´az et al. 2014, 2016) with Gaussian
priors on the period, time of mid-transit, eccentricity, and
periastron argument derived from photometry obtained
with the Transiting Exoplanet Survey Satellite (TESS) by
Bourrier et al. (2019). Results are given in Table A.1. The
mass we derive for WASP-121b is consistent with that of
Delrez et al. (2016). We kept the values of the properties
that have been derived from the TESS photometry as
our final estimates for the revised planetary properties
(Table 2), because the fit to the RV data did not im-
prove their precision, nor changed their values significantly.
2.2. Stellar rotation
After the contribution of WASP-121b was removed, the
periodogram of the RV residuals reveals three significant
signals at periods of 0.89, 1.13, and ∼8.4 days. These
signals are also visible when periodograms of the bisector
span (BIS SPAN) and the full-width at half-maximum
(FWHM) time-series measured on the CCF are analyzed.
They arise from magnetically active regions at the surface
of fast-rotating WASP-121, and are all aliases of one
another. We show in Sect. 3.4.2 that the signal at ∼8.4
days must be an alias because of the high measured stellar
projected rotational velocity. We then used the technique
proposed by Dawson & Fabrycky (2010) to determine
whether the signals at 0.89 or 1.13 days directly trace
the rotational modulation of WASP-121. To distinguish
the real signal and aliases, Dawson & Fabrycky (2010)
proposed simulating data with the same time sampling and
injecting the signals that are to be tested as being real or
2
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aliases. For each injected signal, a comparison of the period
and phase of all the aliases created by the observational
sampling is then performed between the simulated and
real data set. Using this technique, Dawson & Fabrycky
(2010) were able to show that the period originally derived
for planet 55 Cnc e (McArthur et al. 2004, Fischer et al.
2008) was an alias of the real signal.
Here, we extend the approach of Dawson & Fabrycky
(2010) by performing 100 simulations for each injected
signal, taking different configurations for the noise into
account. We also analyze the rotational signal using the
RVs, the BIS SPAN and the FWHM time-series. For
each real or alias signal in the real or simulated data,
we calculate the area below each peak and its phase
(Fig. 2). The area is defined as the sum of the power for
all frequencies that lie 5 bins away from the frequency
corresponding to the maximum power of the peak. Finally,
the sum of both the absolute phase and area differences
are calculated for each of the 100 simulations on the
RVs, the BIS SPAN and the FWHM. These sums are
given in Table 1. Overall, we observe smaller differences
between the real and simulated data when the 1.13-day
signal is considered compared to the signal at 0.89 day.
We therefore propose that the 1.13-day signal traces the
rotational modulation of WASP-121.
Table 1. Area and phase differences, in arbitrary units, for
the 0.89- and 1.13-day signals seen in the RV, BIS SPAN,
and FWHM time-series periodograms. Bold numbers high-
light the lower difference values when the two signals are
compared.
Period [d] Area difference Phase difference
RV
0.89
1.13
922
696
1629
1347
BIS SPAN
0.89
1.13
1923
690
447
647
FWHM
0.89
1.13
1975
1202
2608
2820
We also ran a periodogram analysis on the residuals
between the TESS photometry and the best-fit model
derived by Bourrier et al. (2019). The two strongest peaks
are measured at periods of 1.16 and 1.37 days. The first
signal corresponds well to the rotational modulation iden-
tified in the RV of WASP-121, and likely originates in the
same active regions at the surface of the star. WASP-121
was observed over two TESS orbits. We cut each of them
in half, and ran independent periodogram analyses on the
four resulting segments. The stronger 1.37-day signal is
only present in the second TESS orbit, with similar power
in its two halves (Fig. 3). Our best interpretation is that
WASP-121 rotates differentially, with the 1.37-day signal
arising from active regions located at higher latitudes
(and thus rotating slower) than those responsible for the
1.13-day signal. These high-latitude regions would have
developed rapidly around epoch ∼ 1502 and lasted at
least for the rest of the TESS observations. The possibility
for differential rotation is investigated in more detail in
Sect. 3.4.
3. Reloaded Rossiter-McLaughlin analysis
3.1. HARPS observations of WASP-121
We studied the orbital architecture of WASP-121b and
the properties of its host star by analyzing three transit
observations obtained with the HARPS echelle spectro-
graph (HEARTS survey, ESO program 100.C-0750; PI: D.
Ehrenreich). Three visits were scheduled on 31 December
2017 (Visit 1), 9 January 2018 (Visit 2), and 14 January
2018 (Visit 3). They lasted between 6.6 and 8.1 h, cover-
ing the full duration of the transit (∼2.9 h) with sufficient
baseline on each side to determine the unocculted stellar
properties (Table 3).
Observations were reduced with the HARPS (version
3.8) Data Reduction Software, yielding spectra with re-
solving power 115,000 and covering the region 380-690 nm.
The reduction includes a correction of the color effect due
to variability of the extinction caused by Earth’s atmo-
sphere during the transit (e.g., Bourrier & He´brard 2014,
Bourrier et al. 2018). The spectrum of a hot F-type star
such as WASP-121 contains far fewer absorption lines than
later-type stars. Including these absent lines into the mask
would reduce the contrast of the CCF and the precision on
their derived properties. Furthermore, the fast rotation of
WASP-121 broadens the stellar lines, blending lines that
are isolated in the spectrum of colder stars. A single mask
line needs to be associated with unresolved stellar lines con-
tributing to the same blended line to avoid introducing
correlated information into the CCF. We thus computed
CCFs for each spectral order using a custom mask spe-
cific to WASP-121 (this mask is available in electronic form
at the CDS). All measured 1D spectra were averaged and
smoothed with a 0.09 A˚ moving average. The continuum
was estimated by running a local maximum detection al-
gorithm on the spectrum, using an alpha-shape algorithm
to remove unreliable local maxima and applying a cubic
interpolation on the remaining maxima to extrapolate the
continuum on the full wavelength grid. The stellar lines
to be included in our custom mask were then defined as a
local minimum surrounded by two local maxima. A first es-
timate of the detectable lines and their position was made
by running a local minimum detection algorithm on the
stellar spectrum. Positions were then derived more accu-
rately as the minimum of a parabola fit around the line
minimum in a window of ±3 km s−1. We discarded lines
with windows smaller than 5 pixels, lines with derived cen-
ters farther away than 0.03 A˚ from the local minimum, and
shallow lines with relative flux difference between the local
minimum and highest local maxima smaller than 0.05. Last,
we generated a synthetic telluric spectrum with Molecfit
(Smette et al. 2015), and removed mask lines for which
the core of a neighboring telluric line (with depth ratios
with the mask line higher than 2%) entered the region de-
fined by the two local maxima of the mask line for at least
one Earth barycentric RV of the spectrum. The final mask
is composed of 1828 lines. Their weights were set to the
relative flux difference between the stellar lines local mini-
mum and the average of their two local maxima (Pepe et al.
2002).
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A1 A2 A3 A4 A5
B1 B2 B3 B4 B5
Fig. 2. Comparison between the real and alias signals in the RV data of WASP-121 corrected for the planet signal (red
shadow) and in the simulated data (black). The top panel corresponds to the 0.89-day signal, the bottom panel to the
1.13-day signal. These plots correspond to one realization of noise out of 100 different trials. Real signals are shown in
black (panels A3 and B2), yearly aliases (±0.0027 days−1) in green (panels A3 and B2), daily aliases (±1, ±1.0027 and
±1.0056 days−1) in blue (panels A1, A4, B1, and B4), and 2-day aliases (±2.0027 and ±2.0055 days−1) in purple (panels
A2, A5, B3, and B5). Arrows at the top of each peak show the phase of each signal for the real (red) and the simulated
data (black).
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Fig. 3. Lomb-Scargle periodogram of the residuals between
TESS photometry in orbit 22 and the best-fit model for
WASP-121b. The orange dashed line indicates the rota-
tional modulation identified in the RVs at 1.13 d. The peak
indicated by the red dashed line at 1.37 d is only present
in this orbit, and likely traces a transient active region at
higher stellar latitudes.
Because the CCFs generated with the HARPS DRS
are oversampled with a step of 0.25 km s−1, and have a
pixel width of about 0.8 km s−1, we kept one in four points
in all CCFs prior to their analysis (Cegla et al. 2017). Here
we note that by construction, our custom mask lines are
at rest in the stellar rest frame. The null velocity in the
CCFs calculated with this mask thus directly corresponds
to the stellar rest velocity.
3.2. Simultaneous EulerCam photometry
The reloaded RM technique requires knowledge of the tran-
sit light curve in the spectral band of the CCFs (Cegla et al.
2016a). Measuring the transit simultaneously in photome-
try and spectroscopy further allows us to determine oc-
culted spots and plages along the chord that is transited by
the planet. We therefore obtained simultaneous photometry
throughout the transits in Visits 1 and 2 using EulerCam
at the 1.2m Euler telescope at La Silla. Observations were
carried out using an r’-Gunn filter to match the HARPS
wavelength band as closely as possible, and we applied a
slight defocus to the telescope to improve the target point
spread function (PSF) sampling and the observation effi-
ciency. After standard image correction procedures, we ex-
tracted relative aperture photometry, iteratively selecting a
set of stable reference stars and testing a number of extrac-
tion apertures. For details on EulerCam and the relevant
4
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Table 2. Properties of the WASP-121 system
Parameter Symbol Value Unit Origin
Stellar properties
Mass M? 1.358
+0.075
−0.084 M Delrez et al. 2016
Radius R? 1.458±0.030 R Delrez et al. 2016
Density ρ? 0.434±0.038 ρ Delrez et al. 2016†
Limb-darkening coefficients u1 0.364
+0.034
−0.030 EulerCam
u2 0.146
+0.066
−0.049 EulerCam
Inclination iNorth? 8.1
+3.0
−2.6 deg RM
iSouth? 171.9
+2.5
−3.4 deg RM
Equatorial velocity veq [65.28 - 120] km s
−1 RM
Planetary properties
Transit epoch T0 2458119.72074±0.00017 BJDTDB TESS
Orbital period P 1.27492504+1.5×10
−7
−1.4×10−7 d (TESS+EulerCam)
Scaled semi-major axis ap/R? 3.8131
+0.0075
−0.0060 (TESS+EulerCam)
Semi-major axis ap 0.02596
+0.00043
−0.00063 au (TESS+EulerCam)
†
Eccentricity e [0 - 0.0032] TESS
Argument of periastron ω 10±10 deg TESS
Orbital inclination ip 88.49±0.16 deg (TESS+RM)
Impact parameter b 0.10±0.01 (TESS+RM)†
Transit durations T14 2.9053
+0.0065
−0.0059 h TESS†
T23 2.2605
+0.0055
−0.0053 h TESS†
Planet-to-star radius ratio RTp /R? 0.12355
+0.00033
−0.00029 TESS
REp /R? 0.12534
+0.00043
−0.00060 EulerCam
Radius RTp 1.753±0.036 RJup TESS†
REp 1.773
+0.041
−0.033 RJup EulerCam†
Stellar reflex velocity K 177.0
+8.5
−8.1 m s−1 RV
Mass Mp 1.157±0.070 MJup RV†
Density ρp 0.266
+0.024
−0.022 g cm−3 (TESS+RV)†
Surface gravity gp 9.33
+0.71
−0.67 m s−2 (TESS+RV)†
Sky-projected obliquity λ 87.20
+0.41
−0.45 deg RM
3D obliquity ψNorth 88.1±0.25 deg RM†
ψSouth 91.11±0.20 deg RM†
Notes: Values in square brackets indicate the 1σ confidence intervals for the equatorial velocity and
eccentricity, whose probability distributions peak at the lower boundary values for these parameters.
The 3σ confidence intervals for these parameters are [65.28 - 295] km s−1 and [0 - 0.0078]. Properties
with TESS origin are reported from Bourrier et al. (2019), or revised when combined with other
datasets. Coefficients u1 and u2 are associated with a quadratic limb-darkening law. The daggers
indicate derived parameters. Planetary density and surface gravity were calculated using the lowest
planet-to-star radius ratio (from TESS). There are two possible solutions for the stellar inclination and
3D obliquity of WASP-121b, marked as North or South depending on which pole of the star is visible.
Table 3. Log of WASP-121 b HARPS transit observations
Visits 1 2 3
Date (start) 31-12-17 09-01-18 14-01-18
Number of exposures 35 55 50
Exposure duration (s) 570-720 500-600 500-660
Exposure S/N (550 nm) 26-61 21-43 32-49
Notes: The S/N is given per pixel.
observation and data reduction procedures, see Lendl et al.
(2012). We combined the new broadband photometry with
two archival EulerCam light curves observed in r’ band on
2014 January 19 and 23 (Fig. 4, Delrez et al. 2016). The
four light curves are shown in Fig. 4, and they are available
in electronic form at the CDS.
The increased scatter during the transit on 2014
January 23 is caused by the passage of a cloud. The light
curve obtained in Visit 1 shows a much shallower transit
than the light curves that were obtained during the other
epochs. We did not find any large variation (beyond the
mmag level) in the overall stellar brightness between
Visits 1 and 2, as are created, for example, by changing
star spot coverage, which would translate into an offset
in the measured transit depth. No variations in transit
depth similar to that of Visit 1 are found in any of the 17
transits observed with TESS (Bourrier et al. 2019). We
lack a convincing physical explanation for this anomaly,
and suggest that instrumental effects linked to image
saturation are likely the origin of this variation. Indeed,
the target saturated the detector near the transit center
in Visit 1, and the data are therefore likely affected by
detector nonlinearity at high flux levels. The light curve
5
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from Visit 1 was therefore excluded from further analyses.
We made use of the MCMC code described in Lendl
et al. (2017) to fit the EulerCam data. We assumed a
uniform prior distribution for the star-to-planet radius
ratio (i.e., this parameter was fit without any a priori
constraints), and placed normal prior distributions on the
impact parameter, the transit duration, the mid-transit
time, and the planetary period. These priors were centered
on the values derived in Bourrier et al. (2019), and their
width corresponds to the respective 1σ uncertainties.
We used the routines of Espinoza & Jorda´n (2015) to
compute quadratic limb-darkening coefficients, using a
wide (σprior = 0.1) normal prior distribution centered on
these values in our analysis. Our code allows for the use of
parametric baseline models (see, e.g., Gillon et al. 2010),
and we find that the light curves of 2014 January 19 and
23, and 2018 January 14 are best fit by models of the
form p(t2) + p(xy1) + p(FWHM 1), p(t1) + p(FWHM 2),
and p(t2) + p(xy1) + p(FWHM 2), respectively, where p(in)
refers to a polynomial of order n in parameter i. The
parameters are the time t, coordinate shifts xy, and stellar
FWHM . System properties specific to the EulerCam
passband are given in Table 2. The baseline between the
EulerCam observations is long, as transits are separated
by several years, and therefore these transits improved the
precision on the orbital period and semi-major axis com-
pared to the TESS fit. We updated their values accordingly.
We compared our measurement for Rp/R∗
(0.1253
+0.0004
−0.0006 from EulerCam in 619-710 A˚ ) and that of
Bourrier et al. (2019) (0.1236±0.0003 from TESS in 600-
1000 A˚ ) with those of Evans et al. (2018) obtained with
the G430 and G750 HST/WFC3 grisms, averaging their
measurements within the EulerCam and TESS respective
passbands. The Evans et al. (2018) results yield Rp/R∗
= 0.12238±0.00036 (EulerCam) and 0.12244±0.00021
(TESS), which is significantly lower than the EulerCam
and TESS measurements by 0.003 (5.3σ) and 0.001 (2.7σ),
respectively. Evans et al. (2018) previously noted that
their measurements were lower than values obtained using
ground-based photometry in the B, r′, and z′ bandpass
(Delrez et al. 2016) and proposed that these discrepancies
could arise from systematics in the latter measurements.
Interestingly, our planet-to-star radius ratios are consistent
with those obtained by Delrez et al. (2016) in the bands
that overlap with those of EulerCam (0.12521±0.0007
in 555-670 A˚ ) and TESS (0.12298±0.0012 in 836-943 A˚ ).
The good agreement between ground- and space-based
measurements might suggest that the reduction procedure
or systematics specific to the HST data might have offset
the transit depths derived by Evans et al. (2018).
3.3. Analysis of the local stellar CCFs
The HARPS CCFs (heareafter CCFDI) originate from
starlight integrated over the disk of WASP-121. We used
the reloaded RM technique (Cegla et al. 2016a, see also
Bourrier et al. 2017, 2018) to isolate the local CCF (here-
after CCFloc) from the regions of the photosphere that are
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Fig. 4. Transit light curves of WASP-121b obtained with
EulerCam, offset by 0.02 for visibility. Best-fit models fitted
to the 2014 and 2018 data are shown in red. They include
a common transit model and a detrending model specific
to each visit. The abnormal shape of the 2017 light curve
is likely due to instrumental effects. For this epoch we only
overplot the transit model.
occulted by WASP-121b. The CCFDI calculated in the stel-
lar rest frame were first corrected for the stellar Keplerian
motion induced by WASP-121b. We identified the CCFDI
obtained outside of the transit, taking care to exclude those
that even partially overlapped with the transit window, and
coadded them to build a “master-out” CCFDI in each night,
which corresponds to the unocculted star. The continua of
the master-out and individual CCFDI outside of the transit
were normalized to the same continuum at unity, while in-
transit CCFDI were scaled to reflect the planetary disk ab-
sorption. This scaling was made using the theoretical tran-
sit light curve derived from the fit to the EulerCam data
(Sect. 3.2), whose spectral range is closer to that of HARPS
than that of TESS.
The CCFloc associated with the planet-occulted regions
were retrieved by subtracting the scaled in-transit CCFDI
from the master-out in each night. The local stellar line pro-
files from the planet-occulted regions of the photosphere are
clearly visible in Fig. 5. They are always redshifted, and this
redshift slightly increases along the transit chord. WASP-
121b therefore always transits that hemisphere of the star
that rotates away from us, with a transit chord farther from
the projected stellar spin axis at egress than at ingress. This
preliminary analysis implies that the sky-projected obliq-
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uity λ must be slightly lower than 90◦, in contrast to the
value of 102.2±5.5◦ (using the same convention as in the
present study) derived by Delrez et al. 2016 from a classical
velocimetric analysis of the RM effect in CORALIE data.
The RV centroids of the CCFloc can generally be de-
rived from a simple Gaussian fit. The CCFs generated with
our custom mask for WASP-121, however, show side lobes
that would limit the precision of CCF properties derived
with a Gaussian fit. Therefore, we used the double-Gaussian
model introduced by Bourrier et al. (2018) for the M dwarf
GJ 436, which consists of the sum of a Gaussian function
representing the CCF continuum and side lobes, and an
inverted Gaussian function representing the CCF core. As
illustrated in Fig. 6, the double-Gaussian model reproduces
the entire CCF of WASP-121 well and thus exploits the full
information contained in its profile.
We performed a preliminary fit to the CCFloc using a
double-Gaussian model where the FWHM ratio, contrast
ratio, and centroid difference between the core and lobe
components were set to the best-fit values for the nightly
master-out CCFDI (as in Bourrier et al. 2018). The local
average stellar line is considered detected if the amplitude
of the model CCFloc (defined as the flux difference between
the minimum of the model CCFloc and its continuum) is
three times larger than the dispersion in the continuum of
the observed CCFloc. This led us to discard a few CCFloc
that were located very near the stellar limb, where the
lower flux and partial occultation by the planet yield very
low S/Ns ratios. The remaining CCFloc were shifted to the
same rest velocity and averaged on each night to create a
master local CCFloc (e.g., Wyttenbach et al. 2017). The
comparison with the master CCFDI (Fig. 7) clearly shows
the effect of rotational broadening; the local average stellar
line is far narrower and deeper than the disk-integrated
line. Both CCFs show sidelobes, which are well fit with a
double-Gaussian model but with different properties. In
the master CCFloc the lobe component is broader, and
more redshifted relative to the core component, than in the
master CCFDI. The final fit to the CCFloc in individual
exposures was performed with a double-Gaussian model
where the core and lobe components were linked as in the
nightly master CCFloc. Flux errors assigned to the CCFloc
were set to the standard deviation in their continuum flux,
and the uncertainties on the derived parameters were set
to the 1σ statistical errors from a Levenberg-Marquardt
least-squares minimisation. The local stellar surface RVs
were defined as the derived centroids of the CCFloc core
component.
3.4. Analysis of the stellar rotation and orbital architecture
3.4.1. Model and prior constraints
Despite some variability, the local RVs follow a similar
trend in the three visits (Fig. 8). They become more red-
shifted along the transit chord and remain always positive,
confirming the preliminary interpretation performed in
Visit 3
Visit 1
Visit 2
Fig. 5. Maps of the residuals between the scaled CCFDI
and their master-out in each visit. Residuals are colored as
a function of their flux, and plotted as a function of RV in
the stellar rest frame (in abscissa) and orbital phase (in or-
dinate). The vertical dashed black line indicates the stellar
rest velocity. Horizontal dotted lines are the transit con-
tacts. In-transit residuals correspond to the CCFloc, and
show the average local stellar line profile (recognizable by a
lower flux in the CCFloc cores) from the planet-occulted re-
gions of the stellar disk. For comparison, the spectroscopic
width of the disk-integrated stellar lines is about 14 km s−1.
Black crosses with error bars indicate the centroids of the
detected stellar line profile. The slanted dashed black line
tracks the orbital trajectory of the planet.
7
V. Bourrier et al.: Atmospheric and orbital characterization of WASP-121b
Fig. 6. Typical CCFDI integrated over the disk of WASP-
121 (blue points, obtained during one of the out-of-transit
exposures in Visit 2). The solid black profile is the best-fit
double-Gaussian model to the measured CCF. The dashed
black profiles show the individual Gaussian components to
this model, which yields a low dispersion on the fit resid-
ual (bottom panel). The blue shaded regions indicate the
velocity ranges used to define the CCF continuum.
Fig. 7. Master-out CCFDI (magenta) and master local
CCFloc (blue), binned over the three visits and normalized
to the same continuum. The dashed and dotted black pro-
files show the best-fit models to the master-out and master-
local, respectively. They are based on the same double-
Gaussian model, but with different correlations between the
properties of the lobe and core Gaussian components.
Sect. 3.3 of a near-polar orbit only crossing the redshifted
stellar hemisphere. The orbital architecture of the system
and the properties of the velocity field of the stellar
photosphere can be derived from the fit to the local RVs
using the reloaded RM model (Cegla et al. 2016a; see their
Figure 3 for the definitions of the coordinate system and
angle conventions), which calculates brightness-weighted
theoretical RVs averaged over each planet-occulted region.
In previous reloaded RM studies (Cegla et al. 2016a,
Bourrier et al. 2017, 2018) the model was fit to the data by
varying the stellar projected rotational velocity veq sin i∗
(and in some cases, the differential rotation or convective
motions of the stellar photosphere) and the sky-projected
obliquity λ. The latter parameter alone thus controlled
the model planet trajectory, and the coordinates of the
occulted regions. The near-polar orbit of WASP-121b,
however, results in veq sin i∗ being strongly degenerate
with the planet impact parameter (see Appendix B.1),
which remains poorly determined because of the uncer-
tainty on the orbital inclination ip (Bourrier et al. 2019).
Interestingly, an impact parameter close to zero would
require that the planet cross the projected stellar spin axis
(where local RVs are zero), which is incompatible with
the transit of a single stellar hemisphere indicated by the
positive local RVs series. This means that more stringent
constraints can be derived on the orbital inclination from
the fit to the local RVs, and we therefore modified the
reloaded RM model to include ip as a free parameter. The
scaled semi-major axis of WASP-121b has less influence
on the local RVs and is much better determined than ip.
After checking that ap/R∗ could not be better constrained
through the fit, we therefore fixed it to its nominal value.
Similarly, the other orbital properties and the ephemeris of
WASP-121b are known to a much higher precision through
transit photometry and velocimetry than could be obtained
via the fit to the local RVs, and they were accordingly
fixed to their nominal values. The planet-to-star radius
ratio and the stellar limb-darkening coefficients cannot be
retrieved from the fit to the local RVs because absolute
flux levels are lost in HARPS ground-based data. We note
that the measured local RVs do not depend on our choice
for ip because the photometric scaling of the CCFs was
performed directly with the transit light-curve model fit to
the simultaneous EulerCam data (Sect. 3.3).
Additional constraints can be set from the independent
measurements of stellar line broadening and the stellar
rotational period. Delrez et al. (2016) derived a spectro-
scopic value veq sin i∗/spec = 13.56
+0.69
−0.68 km s−1 from the fit
to stellar Fe i lines in CORALIE spectra. A similar estimate
can be derived from the comparison between the HARPS
master-out CCFDI and master-local CCFloc. Under the as-
sumption that CCFloc measured along the transit chord
are representative of the entire stellar disk, the observed
master-out was fit by tiling a model star with the master-
local CCFloc, weighted by the limb-darkening law derived
from the EulerCam photometry, and shifted in RV posi-
tion by the solid rotation of the photosphere, which was let
free to vary. We obtain a good fit for veq sin i∗ ∼13.9 km s−1
(Fig. 9), suggesting that the local average stellar line profile
does not change substantially across the stellar disk within
the precision of HARPS, and that veq sin i∗/spec can be used
as a prior for the stellar projected rotational velocity.
Analysis of ground-based spectroscopy and TESS pho-
tometry of WASP-121 (Sect. 2) revealed a persistent rota-
tional modulation at 1.13 days, and a transient modulation
at 1.37 days. We understand these results as an indication
of differential rotation, with the equator of WASP-121 ro-
tating at least as fast as the latitudes probed by the 1.13
days signal, and the transient signal arising from higher
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Fig. 8. Radial velocities of the stellar surface regions oc-
culted by WASP-121b as a function of orbital phase.
Horizontal bars show the exposure durations. The black
curve is the best-fit reloaded RM model (indistinguishable
between the low- and high- i∗ solutions) to the three visits.
Dashed vertical lines are the transit contacts. The horizon-
tal dashed line highlights the stellar rest velocity, which is
found along the projected stellar spin axis. Upper panel:
Local RVs in individual Visits 1 (red), 2 (gold), and 3
(blue). Bottom panel: Local RVs derived from the CCFloc
binned over the three visits, shown separately for the sake
of clarity.
latitudes that rotate more slowly. This sets a prior on the
stellar equatorial velocity veq > 65.28 km s−1.
The three local RV series were simultaneously fit
with the updated RM model. We assumed a solar-like
differential rotation law P(θlat) = Peq/(1 − α sin2(θlat)),
where θlat is the stellar latitude and α = 1−Peq/Ppole is
the relative differential rotation rate (Cegla et al. 2016a).
We accounted for the blur caused by the planetary motion
during a HARPS exposure by oversampling the transit
chord between the planetary position at the beginning and
end of each exposure (Bourrier et al. 2017). We sampled
the posterior distributions of the model parameters using
emcee MCMC (Foreman2013), as in Bourrier et al. (2018).
Jump parameters for the MCMC are the stellar equatorial
velocity veq, the cosine of the stellar inclination cos(i∗),
the sky-projected obliquity λ, the orbital inclination ip,
and the differential rotation rate α. We set a uniform prior
on veq and a Gaussian prior on veq sin i∗/spec, following the
above discussion. The posterior distribution from the fit to
TESS photometry was used as prior for ip (Bourrier et al.
2019). Uniform priors were set on the other parameters
over their definition range: [-1 ; 1] for cos(i∗), [-180 ; 180]◦
for λ, and [-1 ; 1] for α.
3.4.2. Results
Posterior probability distributions are shown in Figs. B.1
and B.2. Best-fit values for the model parameters were
Fig. 9. Master-out CCFDI (thick magenta line) and its best
fit (black line) obtained by tiling a model star with the
limb-darkened master local CCFloc, used as a proxy for
the specific stellar intensity profile. The best-fit value for
the projected stellar rotational velocity, which controls the
spectral position of this profile over the model stellar disk,
is in good agreement with its measured spectroscopic value
and yields a good fit to the observed master-out CCFDI.
set to the median of their distributions, and are given in
Table 2. Some of the parameter distributions are asym-
metrical, and we therefore chose to define their 1σ uncer-
tainties using the highest density intervals, which contain
68.3% of the posterior distribution mass such that no point
outside the interval has a higher density than any point
within it. The probability distributions show unique solu-
tions for all model parameters, except for the stellar inclina-
tion. While we find that WASP-121 is highly inclined, the
data do not allow us to distinguish whether the south pole
(i∗ = 171.9
+2.5
−3.4
◦
) or the north pole (i∗ = 8.1
+3.0
−2.6
◦
) is visible.
Both scenarios yield similar χ2 of 111 for 43 degrees of free-
dom. The relatively high reduced χ2 (2.6) is caused by the
dispersion of the local RV measurements between the three
nights. Deviations from the nominal best-fit model beyond
the photon noise are present in all nights and in all phases
of the transit, suggesting that variability in the local pho-
tospheric properties of this active star could be the origin
of these variations. The noise in individual CCFloc prevents
us from searching for variations in their bisector span. No
clear correlations were found between the local RVs and
the FWHM or contrast of the CCFloc, with the EulerCam
photometry, or with the Ca IIHK, Hα, and Na activity in-
dexes. We show the best-fit model for the local stellar RVs
in Fig. 8 and the orbital architecture corresponding to the
visible north pole in Fig. 10.
The stellar equatorial rotation remains poorly con-
strained, with a highest density interval of [65.28 -
120] km s−1 that corresponds to rotation periods between
[0.61 - 1.13] days. The probability distribution for veq
nonetheless favors low velocities, which suggests that the
persistent 1.13-day signal measured in photometry and
ground-based data arises from active regions close to the
stellar equator. We cannot confirm the differential rotation
of WASP-121, with α = 0.08
+0.11
−0.13, but this result excludes
high differential rotation rates and is consistent within 1σ
with the observed rotational modulations. Indeed, the con-
straints Peq 6 1.13 days and Ppole > 1.34 days imply α >
0.16. These results are also consistent with measurements
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obtained for Kepler stars by Balona et al. (2016), who
showed that |α| ranges between 0 and 0.2 for stars with
rotation periods on the order of 1 day (see their Figure 9).
We note that even in the case of differential rotation, the
signal measured at ∼8.4 days (Sect. 2.2) cannot trace the
rotational modulation of a high-latitude region because
the lowest α required would be 0.87 at the stellar poles.
Measurements of the local surface RVs at higher S/N,
for instance, with the ESPRESSO spectrograph, will be
crucial in assessing the differential rotation of WASP-121.
The orbit of WASP-121b is almost but not exactly
edge-on (ip = 88.49±0.16◦) and polar (λ = 87.20+0.41−0.45
◦
).
We substantially improved the precision on these proper-
ties compared to previous studies, and find that λ is 15◦
lower (3σ) than the value derived by Delrez et al. (2016)
(we converted their spin-orbit angle β = 257.8◦ in the
same frame as our study). We combined the probability
distributions of ip, λ, and i∗ to derive the 3D obliquity of
the system, ψ = arccos(sin i∗ cosλ sin ip + cos i∗ cos ip),
and measure ψSouth = 91.11±0.20◦ (stellar south pole
visible) or ψNorth = 88.1±0.25◦ (north pole visible). We
note that our result for the obliquity does not change the
conclusion by Delrez et al. (2016) that WASP-121b is on
a highly misaligned orbit, and that it likely underwent
strong dynamical interactions with a third companion,
possibly an outer planet, during the life of the system
(1.5±1.0 Gyr). The dynamical evolution of WASP-121b is
now controlled by tidal interactions with the star, leading
to a gradual decrease in the obliquity and semi-major
axis of the planet and to its eventual disruption (Delrez
et al. 2016). Even with a strong tidal dissipation, however,
it would take millions of years to decrease the obliquity
by one degree (Delrez et al. 2016), and our value for
the semi-major axis is not significantly lower than that
of Delrez et al. 2016. This mechanism therefore cannot
explain the difference between our measurement for λ and
that of Delrez et al. (2016), which could be due to a bias
induced by their use of the classical RM technique (Cegla
et al. 2016b). An interesting alternative might be the
nodal precession of the orbit, however, as is the case for
the ultra-hot Jupiter WASP-33b (Johnson et al. 2015b).
The uncertainties on the orbital inclination and obliquity
from Delrez et al. (2016) prevent us from measuring a clear
variation in the argument of the ascending node, with a
decrease of -0.95±0.64◦ in about three years (from the end
of 2014 to the end of 2017). Interestingly this decrease
would correspond to a stellar gravitational quadrupole mo-
ment of 9.0×10−4 (for ΨNorth) or -1.5×10−4 (for ΨSouth),
however, calculated with the equation in Barnes et al.
(2013). A negative moment is excluded by the expected
oblateness of WASP-121, but the former solution is on the
same order as moments estimated for the early-type fast-
rotating star WASP-33 (Johnson et al. 2015b,a, Iorio 2016).
4. Distinguishing the planetary and stellar
atmospheres
Atmospheres of ultra-hot Jupiters were recently found
to contain atomic metal species (e.g., Hoeijmakers et al.
2018, 2019), which are prevented from condensing by the
high temperatures (e.g., Visscher et al. 2010, Wakeford
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Fig. 10. Projection of WASP-121 in the plane of sky for the
best-fit scenario where the north pole of the star is visible.
The stellar spin axis is displayed as a black arrow extending
from the north pole. The stellar equator is represented as a
black line, solid when visible and dashed when hidden from
view. The stellar disk is colored as a function of its RV field.
The normal to the orbital plane is shown as a green arrow,
and the orbital trajectory is displayed as a green curve. The
black disk is WASP-121b, to scale.
et al. 2017). As an ultra-hot Jupiter, WASP-121b receives
extreme amounts of stellar radiation and likely undergoes
atmospheric escape orders of magnitude larger than for hot
Jupiters (Salz et al. 2019). Magnesium and iron ions were
recently detected in its exosphere through their near-UV
absorption lines (Sing et al. 2019), consistent with the
marginally larger transit depth measured in broadband
near-UV by Salz et al. (2019). These metallic species
likely become photoionized within the exosphere after
being carried upward by the hydrodynamically expanding
upper atmosphere. They could be present in their neutral
form in the atmosphere of WASP-121b, and yield strong
absorption in optical lines. The custom mask we built
to define the CCFs of WASP-121 is based on the stellar
spectral absorption lines (Sect. 3.1), most of which arise
from iron in the stellar atmosphere. Indeed, cross-matching
our mask with the VALD database (Piskunov et al. 1995;
Kupka et al. 2000; Ryabchikova et al. 2015) shows that
of their 989 lines they have in common, more than half
(570) arise from neutral iron. The second most frequent
species is neutral nickel, with 67 lines. This means that if
the atmospheric limb of WASP-121b contains atomic iron,
we would expect its average signature to be superimposed
on the stellar CCF measured during transit. We present
here a summary of the technique that we devised to search
for and extract the atmospheric absorption signal of an
exoplanet, based on the reloaded RM approach. It will be
fully described in a forthcoming paper.
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4.1. Method
The in-transit CCFloc extracted in Sect. 3.3 corresponds
to the specific intensity spectrum of the occulted stellar
region, multiplied by the wavelength-dependant occulting
area of the planet. The intensity spectrum contains the
cross-correlated absorption line from the stellar photo-
sphere, centered at the RV of the occulted region. The
occulting area is the sum of the continuum level set by the
opaque planetary layers (here averaged over the HARPS
band) and the equivalent surface of the atmospheric limb.
If the planet contains species that absorb the CCF mask
lines, this surface corresponds to the cross-correlated
absorption line from the planetary atmosphere, centered
at the orbital RV of the planet. When the stellar and plan-
etary absorption lines follow sufficiently different tracks in
RV-phase space, as is the case with WASP-121b (Fig. 5),
it is possible to distinguish their individual contributions
from the CCFloc.
1. The first step consists of subtracting the stellar light
that is occulted by the planetary continuum from the
CCFloc. To do this, we used the master CCFloc, assum-
ing that it is representative of the individual CCFloc
along the transit chord (see Sect. 3.3). The master was
rescaled to the correct photometric level using the best-
fit EulerCam transit model (Sect. 3.2), which accounts
for the limb-darkening and planetary continuum associ-
ated with each exposure. The rescaled master was then
shifted to the RV of the planet-occulted regions, calcu-
lated with the best-fit model for the local stellar surface
RVs (Sect. 3.4.2). These operations yield the CCF of
the product between the local stellar spectra and the
transmission spectrum of the atmospheric limb in each
exposure.
2. The second step consists of dividing these CCFs by the
master CCFloc, rescaled and shifted as described in the
first step, to isolate the cross-correlated absorption line
of the atmospheric limb, or CCFatm. The scaling was
made using the total surface of the star rather than
the surface associated with the planetaty continuum,
to obtain CCFatm in classical units of absorption rel-
ative to the stellar surface. The RV-phase maps of the
CCFatm from WASP-121b reveal a bright streak aligned
with the orbital trajectory of the planet, which is visi-
ble only during transit, and is therefore consistent with
absorption by metals in the atmosphere of WASP-121b.
3. The third and last step consists of shifting all CCFatm
into the planet rest frame, and averaging them over ex-
posures where the entire planet occults the star. We
calculated the theoretical RV track of the planet in
the stellar rest frame using the orbital properties of
the planet listed in Table 2. Ingress and egress are ex-
cluded because they probe a smaller fraction of the
planetary atmosphere that varies in time. Observing
WASP-121b with higher-sensitivity spectrographs such
as ESPRESSO might allow studying the shape of the
planetary signal during ingress/egress, and possibly re-
solving longitudinal variations in the planetary atmo-
sphere. We note that we analyzed the three HARPS
visits binned together, because of the small amplitude
of the planetary signal, and so that the master CCFloc
could be determined with a high SNR. The low disper-
sion of residuals outside of the planetary track in Fig. 11
Fig. 11. Map of the atmospheric CCFatm binned over the
three visits, colored as a function of absorption, and plotted
as a function of RV in the stellar rest frame (in abscissa) and
orbital phase (in ordinate). Horizontal dotted lines are the
transit contacts. The bright streak is the absorption signa-
ture from the planetary atmosphere. It follows the track of
the planetary orbital motion (solid green curve), but with
a slight blueshift.
confirms that, within the precision of the HARPS data,
the master CCFloc is representative of the stellar line
along the transit chord.
The interest of this approach is that it allows us to directly
use the local stellar lines that are measured along the
transit chord to correct for the bias of the atmospheric
signal induced by the RM effect (e.g., Louden & Wheatley
2015, Casasayas-Barris et al. 2017, 2018, 2019). One caveat
is that step 2 divides the CCF of the product between
planetary and stellar lines by the CCF of the stellar lines.
Unless all dominant planetary or stellar lines in the CCF
mask keep the same profile, this division does not fully
remove the contribution of the stellar lines in exposures
where they overlap with the planetary lines. We will
address this caveat in the forthcoming paper.
We performed a preliminary analysis to identify the ve-
locity range that is absorbed by the planetary atmosphere
in each exposure. We then carried out the reloaded RM
analysis again (Sect. 3), excluding these planet-absorbed
ranges from the fits to the CCFloc and from the construc-
tion of the masters CCFout and CCFloc. In four exposures
(from phase -0.007 to 0.018) the RVs of the transit chord
and planetary orbit are too close to fit the uncontaminated
local stellar line and retrieve its centroid (see Fig. 5). We
fit the remaining RVs as in Sect. 3.4 and found no signif-
icant changes in the properties derived in Sect.3.4.2. The
contamination from the planet likely does not bias the local
stellar RVs beyond the precision of the HARPS data, and
the contaminated phase range likely has less influence on
the RV model than if it were closer to ingress or egress.
Future studies of WASP-121b and similar planets using
higher-precision spectrographs should nonetheless take spe-
cial care with planet-contaminated exposures. The final ex-
traction of the planetary signal was performed using the
local RV model derived in Sect.3.4.2 and the new uncon-
taminated master stellar CCFloc. Fig. 11 shows the final
RV-phase map of the CCFatm.
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4.2. Results
The master atmospheric signal, shown in Fig. 12, is well
fitt with a Gaussian profile. Errors on the master CCFatm
were set to the dispersion in its continuum. We measure
a significant blueshift of -5.2±0.5 km s−1 in the planetary
rest frame, and an FWHM of 14.5±1.2 km s−1. Correcting
this width for the HARPS LSF broadening (2.61 km s−1)
and for the blurr induced by the planet motion during an
exposure2 yields a net FWHM of 12.9±1.2 km s−1 for the
atmospheric signal. Thermal broadening contributes neg-
ligibly to the measured width (FWHMthermal ∼1.5 km s−1
at 2800 K). If WASP-121b is tidally locked, then its
atmosphere rotates in the stellar rest frame with the
same angular velocity as the planet orbits the star
(5.7×10−5 rad s−1). Accounting for the orbital inclination
(but assuming that the planet is not inclined with respect
to its orbital plane), we obtain a projected rotational
RV of 7.15 km s−1 for atmospheric layers close to the
planet surface, corresponding to an FWHM of 11.9 km s−1.
Planetary rotation (in the stellar rest frame) therefore
likely accounts for most of the atmospheric broadening,
especially if the measured signal arises from higher alti-
tude where the planetary rotation induces a higher velocity.
The measured blueshift could trace fast winds going
from the dayside to the nightside along both terminators,
as predicted for atmospheric circulation in the lower atmo-
spheric layers of hot Jupiters (Showman et al. 2013). In
this scenario the hotspot is expected to be located at the
substellar point, as is indeed measured in the TESS phase
curve of WASP-121b (Bourrier et al. 2019). However, it
might then be expected that heat is efficiently restributed
through the fast day- to nightside winds, whereas the
phase curve revealed a strong temperature contrast. This
might indicate that the iron signal arises from different lay-
ers than those probed by the TESS photometry. It has
been proposed (Beatty et al. 2019; Keating et al. 2019)
that the nightsides of most hot Jupiters are covered with
clouds of similar composition, which would form at temper-
atures of about 1100 K. With an irradiation temperature of
∼3310 K, WASP-121 b is in a regime where such clouds are
not yet predicted to disperse (Keating et al. 2019). The
HARPS measurements might therefore probe absorption
signals from layers at lower altitudes than are probed by
TESS, where fast day- to nightside winds homogenize tem-
perature longitudinally. Meanwhile, the TESS phase curve
could trace emission from high-altitude clouds on the night-
side (Tnight < 2200 K at 1σ), which would hide the emis-
sion from the deeper, hotter regions probed on the day-
side (Tday = 2870 K). Alternatively, the measured blueshift
could trace an anisotropic expansion of the upper atmo-
spheric layers, for example, due to the asymmetrical irradi-
ation of the dayside atmosphere (Guo 2013) or its compres-
sion by stellar wind and radiation. Interestingly, a stronger
but marginal blueshift was measured in the metal species
escaping WASP-121b (Sing et al. 2019), supporting the idea
that the atmospheric layers are increasingly blueshifted as
their altitude increases. We note that varying the stellar
mass within its 3σ uncertainties, thus affecting the planet
2 The blur does not quadratically broaden the Gaussian profile
of the atmospheric signal. We therefore shifted Gaussian profiles
at the rate of the planetary motion during a 690 s long exposure
and compared their average with the measured signal.
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Fig. 12. Master atmospheric CCFatm averaged over the full
in-transit exposures. The absorption signal from the plane-
tary atmosphere is clearly detected and well approximated
by a Gaussian profile (dashed black profile) with a signif-
icant blueshift with respect to the planetary rest velocity
(vertical dotted black line).
orbital velocity track (e.g., Hoeijmakers et al. 2019), does
not change the measured blueshift within its uncertainty.
We do not have the precision required to study indi-
vidual HARPS exposures, but we analyzed the shape and
position of the planetary signal averaged over the first half,
and then the second half, of the transit (ingress and egress
excluded). We found that the absorption signal maintains
the same FWHM (13.2±1.1 km s−1 and 13.2±2.0 km s−1,
respectively) but becomes more blueshifted (from -
3.82±0.48 to -6.63±0.86 km s−1). Interestingly, blueshifted
absorption signals whose shift increases during transit
have been observed in the near-IR helium lines of extended
planetary atmospheres (Allart et al. 2018, Nortmann
et al. 2018, Salz et al. 2018). It is unclear whether these
features trace material that escapes from WASP-121b and
is blown away by the stellar wind or radiation pressure,
as no absorption is observed before or after the transits
and the absorption profile shows no strong asymmetries.
The atmospheric circulation may show strong spatial
asymmetries, and the atmospheric limb probes regions
with different speeds as the tidally locked planet ro-
tates during transit. Three-dimensional simulations of
the planetary atmosphere and more precise observations
are required to explore the origin of the measured blueshift.
5. Conclusion
The ultra-hot Jupiter WASP-121b, transiting a bright
F-type star on a near-polar orbit, offers great opportunities
to investigate the dynamical and atmospheric properties
of giant planets in extreme gravitational and energetic
conditions.
We combined RV measurements with EulerCam and
published TESS photometry to revise the orbital and
bulk properties of the planet. Three HARPS transit
observations of WASP-121b were then used to refine
the orbital architecture of the system. We applied the
reloaded RM method to isolate the properties of the
stellar photosphere along the transit chord, using a
12
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custom mask to compute the CCF of WASP-121, and
simultaneous EulerCam photometry to rescale them to
their absolute flux level. Analysis of the local RVs from the
planet-occulted regions confirms the near-polar orbit of
WASP-121b, which leads to a strong degeneracy between
impact parameter and stellar rotational velocity. We thus
improved the reloaded RM model to include the orbital
inclination and semi-major axis in the fit to the local
RVs. We further derived independent constraints on the
stellar rotation period by analyzing the activity indexes
of the star, and by comparing the shapes of the local and
disk-integrated stellar lines. This allowed us to derive the
stellar inclination, orbital inclination, and 3D obliquity
to a high precision (Table 2), and to exclude high dif-
ferental rotation rates for WASP-121. These measurements
will be helpful in constraining studies of WASP-121b
past and future dynamical evolution. We encourage
follow-up transit observations of the planet to monitor a
possible evolution of the obliquity and impact parame-
ter that would result from the nodal precession of the orbit.
The custom mask used to calculate the CCFs of
WASP-121 was built from the stellar lines, most of which
arise from iron transitions. The presence of iron is also
expected in the atmosphere of ultra-hot Jupiters because
the high temperatures prevent it from condensing. As
a result, we developed a new method for removing the
contribution of the stellar lines from the local CCFs of the
planet-occulted regions and isolating the contribution from
the planetary atmosphere. This method is based on the
possibility of directly deriving from the data the local stel-
lar lines, uncontaminated by the planet, which is possible
when the orbital trajectory of the planet and its transit
chord across the stellar surface are sufficiently separated
in RV-phase space. The application of this method to the
HARPS observations of WASP-121b binned over three
transits revealed the absorption CCF of iron in the planet
atmospheric limb. The width of the signal is consistent
with the rotation of WASP-121b, if it is tidally locked.
The absorption signal is blueshifted in the planetary rest
frame, increasing from -3.82±0.48 during the first half of
the transit to -6.63±0.86 km s−1 in the second half. This
is reminiscent of the effect seen for the ultra-hot gas giant
WASP-76 b (Ehrenreich et al. 2020). These features could
arise from day- to nightside winds along both terminators
or from the upward winds of an anisotropically expanding
atmosphere, combined with the different regions probed
by the atmospheric limb as the planet rotates during
transit. Observations at higher spectral resolution and
with a better sensitivity, for instance, with the ESPRESSO
spectrograph, will enable refining the shape of the signal
and its temporal evolution. Similar measurements at other
wavelengths, searching for species located in different
layers than iron, would furthermore allow us to map the
full dynamical structure of the WASP-121b atmosphere.
Like their colder relatives, ultra-hot Jupiters display
a wide range of orbital architectures (from aligned, such
as WASP-19b, Tregloan-Reed et al. 2013 to nearly polar,
such as WASP-121b). Ground-based instruments with
high resolving power (e.g., HARPS and ESPRESSO in
the visible; CARMENES, SPIRou, and NIRPS in the
infrared), will make it possible to investigate in details
their dynamical properties and to carry out transmission
and emission spectroscopy of their atmosphere, allowing
us to identify precisely the signatures of their atomic
and molecular components and characterize their 3D
atmospheric flows.
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Appendix A: Fit to RV data
Appendix B: Reloaded RM analysis
B.1. Effect of a near-polar orbit on determining veq sin i∗
During the transit, when the orbital phase φ ∼0, the local
RVs of the stellar surface regions that are occulted by the
planet approximate as (see Eq. 4 in Bourrier et al. 2015 or
Eq. 8 in Cegla et al. 2016a)
vloc(φ) = veq sin i∗
(
ap
R?
cos(λ) 2pi φ + b sin(λ)
)
. (B.1)
For misaligned orbits when λ is close to ±90◦, the local RVs
further approximate as
vloc(φ) = veq sin i∗
ap
R?
(
pi
2
− λ) 2pi φ + b veq sin i∗. (B.2)
The level of the local RV series is therefore controlled at first
order by vloc(0) = b veq sin i∗. For a planet on a near-polar
orbit and with a low impact parameter such as WASP-121b,
small variations in b thus have a direct and strong effect on
veq sin i∗. Conversely, the slope of the local RVs variation
with phase can be expressed as
v˙loc = 2pi vloc(0)
(pi2 − λ)
cos(ip)
= 2pi vloc(0)
(pi2 − λ)
(pi2 − ip)
. (B.3)
Here ip is close to 90
◦. Therefore, a variation in the
orbital inclination directly translates into a variation of
the sky-projected obliquity, with a factor v˙loc/2pi vloc(0)
that can be low for near-polar orbits. This is the case for
WASP-121b, with vloc(0) ∼1.4 km s−1 and v˙loc ∼18 km s−1
per phase unit, yielding a factor of about 2. A near-polar
orbit is therefore an adverse case for the interpretation of
the local RVs in terms of stellar rotational velocity, but
may not prevent a precise derivation of the sky-projected
obliquity.
B.2. Posterior probability distributions
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Fig.A.1. Parameters probed by the MCMC we used to fit the RV measurements of WASP-121 shown in Fig. 1. The
maximum likelihood solution, median, mode, and standard deviation of the posterior distribution for each parameter are
shown, as well as the 68.27%, 95.45%, and 99.73% confidence intervals. The prior for each parameter can be of type U
for uniform, N for normal, or TN for truncated normal. Reference epoch: 2455500.0 BJD.
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Fig.A.2. Original RV measurements of WASP-121 without any binning
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V. Bourrier et al.: Atmospheric and orbital characterization of WASP-121b
Fig. B.1. Correlation diagrams for the probability distributions of the updated reloaded RM model parameters. Samples
have been limited to the region with low stellar inclination. The inner green and outer light blue contours show the 1
and 2σ simultaneous 2D confidence regions that contain 39.3% and 86.5% of the samples, respectively. 1D histograms
correspond to the distributions projected on the space of each line parameter. The deep blue lines indicate their median
values, with dashed green lines showing the 1σ highest density intervals. ψ is derived from other parameters and is not
an MCMC jump parameter.
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V. Bourrier et al.: Atmospheric and orbital characterization of WASP-121b
Fig. B.2. Same as in Fig. B.1, with samples limited to the region with high stellar inclination.
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